INTRODUCTION
Spatio-temporal analyses of jet noise data have been previously used to gain physical insights into the aeroacoustic sources. 1, 2 By examining the radiated sound field, jet noise-source characteristics, such as the apparent acoustic source region, can be obtained. 3 Previous experiments using methods such as beamforming, [4] [5] [6] acoustic intensity analyses, 7 and near-field acoustical holography [8] [9] [10] [11] [12] [13] have shown that the apparent downstream distance of the acoustic source region varies with frequency. The present analysis presents a straightforward method for analyzing the frequencydependent nature of the source that utilizes band-passed cross-correlation between a near-field line array and a far-field arc. Previous studies have shown that microphones in the near field sense the pressure fluctuations of the turbulent hydrodynamic near field in addition to propagating acoustical pressure fluctuations. 14, 15 The effect of the hydrodynamic near field is therefore also investigated as it dramatically affects results.
EXPERIMENT
This experiment was completed in a jet facility located at the Hypersonic High-enthalpy Wind Tunnel at the Kashiwa Campus of the University of Tokyo. In the present experiment, the unheated Mach 1.8 laboratory-scale jet was ideally expanded through a 20-mm diameter convergingdiverging nozzle. Due to the non-anechoic nature of the facility, nearby reflecting surfaces were covered with fiberglass. Akamine et al. 16 showed that this produced favorable matches to anechoic measurements by Greska. 17 Time-series data from 32 microphones were simultaneously recorded using NI PXI-4498 cards at a sampling rate of 204.8 kHz. As shown in Figure 1 , the microphone setup consisted of a stationary 16-channel polar microphone arc with 5
• spacing and a 16-channel near-field line array with 1 nozzle diameter (D) spacing fitted with an automated positioning system to allow it to be moved to various downstream and sideline distances. The arc microphones were positioned 40D away from the measurement array reference point which is 10D downstream from the jet exit. The line array was moved to three different sideline distances, namely 2.5, 5, and 10D from the jet centerline. At each of these sideline distances the line array was moved to three different downstream positions, the first covering 0 to 15D downstream, the second covering 10 to 25D downstream, and the third covering 18 to 33D downstream. At each position, the noise was measured for 6 seconds before the line array moved to the next location. By including overlap between the downstream positions, the experiment naturally includes some data redundancy as well as opportunities for data verification.
SPATIO-TEMPORAL ANALYSES A. BAND-PASSED CROSS-CORRELATION
In order to determine the locations of the frequency-dependent apparent acoustic source region, the main analysis approach taken here involves evaluating the cross-correlation between the signals picked up by the microphones on the line array and those picked up by the microphones on the arc array. Looking at the cross-correlation for various combinations of microphones on the line and arc arrays, the characteristics of the fine-scale and large-scale turbulent structure noise that have been
Jet noise source localization using cross-correlation shown in previous work to dominate in the sideline and aft directions respectively 18 are evident. For instance, Figure 2 shows the cross-correlation between the microphones on the z = 5D array with the arc microphone at 90
• (left) and the arc microphone at 30
• (right). The 90
• arc microphone, which is in the sideline region that is known to be dominated by fine-scale turbulence, 19 shows very little correlation with the 5D array with a maximum peak correlation of just over 0.1. Conversely, the arc microphone 30
• above the jet exhaust, which is in the Mach-wave radiation region known to be dominated by large-scale turbulent structure noise, 19 shows significant peak correlations in excess of 0.7 in some cases. Significant correlation of over 0.4 is seen over an axial extent of 14D. The correlation coefficients from every combination of arc and line array microphones can be analyzed in order to identify the axial and angular extent over which significant correlation exists between the arc and line microphone arrays.
Because the peak cross-correlation coefficients are the only data of interest in the present investigation, the time delay information is neglected and peak cross-correlation coefficient maps are created for each line array/arc array combination. An example of such a map is seen in Figure 3 , which shows the map for the 2.5D array correlated with the arc array. Any point on a given map gives the peak cross-correlation coefficient for the arc microphone angle specified by the y-axis in degrees above the jet exhaust and the line array microphone position specified by the x-axis in D downstream from the jet nozzle. Visualizing the cross-correlation data in this manner, the axial and angular extent to which there is significant correlation can be easily seen. The dotted red lines on the coefficient maps and the red-shaded region on the experiment geometry plot have been added as an aid in understanding where the general correlated region is located spatially but do not represent any specific numerical boundary.
Performing the same cross-correlation using band-passed signals gives insight into how the
Jet noise source localization using cross-correlation correlated region changes with frequency. Figure 4 shows the peak cross-correlation coefficient maps for various frequencies. Several behaviors are noticed as the frequency increases from 5 kHz to 20 kHz (St=0.205 to St=0.820) that should be pointed out: 1) the correlated region moves upstream on the line array, 2) the correlated region moves to slightly greater angles on the arc array, and 3) the overall correlation decreases. As the estimated source region is determined using these maps, these differences between frequencies correspond to the differences in traced source regions that are addressed in the following section. 
B. SOURCE REGION TRACING
Because two different spatial regions are being compared, strong correlation between any two points on the arrays allows a source location to be traced to the jet centerline. For example, using the 10 kHz (St=0.420) map from Figure 4 , the maximum point on the map is located at 12D on the line array and at 30
• on the arc array. Tracing these two points to the jet centerline gives an approximate source location at around 7D downstream of the jet exit. The process can also be repeated with the 5D line array map. This process is shown in Figure 5 with Figure 5b showing the resulting path traced using both the 2.5D array map and 5D array map. Both maps are consistent in tracing out a point that is around 7D downstream of the jet exit. To obtain the source region and not just a source point, ray tracing is applied between arc and line array microphone pairs. Each interpolated arc location with a peak cross-correlation coefficient within 95% of the maximum at each frequency is traced to a line array position. Using the 10 kHz (St=0.420) case again as an example, the result of this tracing is shown in Figure 6 . Because the correlation maps have been interpolated, the number of points traced from the arc to the line array exceeds the number of physical microphones present in the experimental setup. This helps to overcome the limitation of only sampling the field at discrete spatial points, especially along the arc where the spatial refinement is considerably lower than along the line arrays.
Following this process for each one-third-octave band frequency from 2 to 40 kHz (St=0.0820 to St=1.64) results in the traced source regions seen in Figure 7 versus frequency. Each green point is a source point traced from a line array/arc array pair where the peak correlation coefficient between the two was within 95% of the maximum peak correlation coefficient. Both the points traced from the 2.5D array map and the 5D array map are shown. Black dots indicate the mean location, and black lines indicate the standard deviation for each frequency. It can be seen that from around 8 kHz (St=0.328) and above, the traced source region is fairly compact and moves J. A. Ward et al.
Jet noise source localization using cross-correlation Figure 6 : Source tracing of all points within 95% of maximum using band-pass filtered peak cross-correlation maps for the 2.5D and 5D arrays for center frequency of 10 kHz (St=0.420).
upstream with increase in frequency. Below 8 kHz (St=0.328) the source region broadens and the lower standard deviation line and mean points turn around towards the upstream instead of continuing the pattern of moving downstream. 
DISCUSSION A. COMPARISON TO INTENSITY ANALYSES
In an effort to verify the efficacy of this source tracing process and the validity of the results, the results have been compared to intensity analyses done on the same jet by Gee et al. 7 In their analyses, the intensity probes contained three-pressure microphones, and a phase-unwrapping procedure was used to obtain intensity vectors for frequencies up to 40 kHz. Ray tracing was then applied to the intensity vectors to obtain the estimated source region for each frequency (Figure  8 left) . The source regions calculated using the peak correlation coefficient method in this paper (Figure 8 right) have been found to be broadly consistent with their prior intensity-based results between 2 kHz and 40 kHz with certain key differences. Below 2 kHz, the presence of two separated peaks in the cross-correlation data (associated with the increased prominence of near-field hydrodynamic pressure contributions) limited our method. Both traced source regions stay fairly compact and move upstream for higher frequencies. Both results also show that as the frequency decreases, there comes a point where the source region widens and turns back toward the upstream. This turnaround behavior is a point of interest and one that can be investigated further using the correlation results. While combining the source points traced from both the 2.5D and 5D arrays confirms the shape of the intensity analyses results, looking at the individual contributions of both arrays can be instructive as to the cause of the turnaround behavior. In Figure 9 , the individual source tracing contributions of both arrays are shown overlaid on the intensity results for comparison. Again, the boundary lines for the regions are the standard deviation for the traced source points. While they agree fairly well for higher frequencies, stark contrasts can be seen in the behavior of the source regions traced by the 2.5D and 5D arrays below 8 kHz (St=0.328). While the 2.5D traced source region turns around and broadens just under 8 kHz (St=0.328), the 5D traced source region continues to stay compact and move downstream until about 2.5 kHz (St=0.102) when it finally starts to widen and turn around as well. In order to explain the differences in behavior below 8 kHz (St=0.328), a brief discussion of the effects of the hydrodynamic near field is helpful.
J. A. Ward et al.
Jet noise source localization using cross-correlation Figure 9 : Individual contributions to source tracing of the 2.5D and 5D arrays overlaid on intensity analyses results for comparison.
B. HYDRODYNAMIC NEAR FIELD
Hydrodynamic near-field noise is an especially important factor to consider when dealing with near-field arrays close to the jet centerline. Hydrodynamic near-field noise is characterized as being primarily low-frequency content 15, 20 that is nonpropagating, sometimes referred to as pseudosound. 15, 21 As such, it is largely uncorrelated with the propagated sound field away from the jet centerline. It is instead present at locations near the jet shear layer. The jet shear layer expands linearly with distance from the jet nozzle. The mixing jet thus grows in radius with downstream distance so that hydrodynamic effects are observable farther from the centerline at positions farther downstream. The spectra for the 2.5D, 5D, and 10D arrays allows the hydrodynamic regime to easily be seen. In Figure 10 , the spectra for the 2.5D array shows a boost of low-frequency content in the range of 10 to 33D downstream, while the 5D array shows a smaller boost of low-frequency content in the range of 15 to 33D downstream, and the 10D array exhibits very little signs of hydrodynamic influence in terms of spectral content at only the farthest downstream locations. The spectra tell us that the hydrodynamic field affects the 2.5D array much farther upstream than the 5D array which is consistent with the fact that the traced source region for the 2.5D array expands and turns around much farther upstream than the traced source region for the 5D array. The turnaround and apparent broadening of the source extent with decreased frequency thus seems to be due to the presence of the hydrodynamic near field.
When looking at the frequencies at which hydrodynamic influence is seen in the spectra, the 2.5D array shows the hydrodynamic component dominates at frequencies less than 10 kHz (St=0.420) especially at the furthest downstream parts of the array. Around 8 kHz (St=0.328), the hydrodynamic spectral contribution competes with the acoustical signal at the part of the array receiving the most significant part of the acoustic energy and thus effects tracing. At the 5D array,
Jet noise source localization using cross-correlation Figure 10 : Spectra of the 2.5D, 5D, and 10D arrays versus downstream distance.
the hydrodynamic component dominates at frequencies lower than 2 kHz (St=0.0820), where jet mixing noise contributions are less prominent, as can be seen in the spectra. The frequencies at which the turnaround occurs are thus also consistent with the frequencies at which hydrodynamic effects are prominent in the spectra. Another characteristic that can be investigated in order to examine the influence of the hydrodynamic near field are the trends in overall correlation versus frequency. In correlation analyses done by Viswanathan 1 on heated and unheated jets of various Mach numbers, he found that moving his microphone arrays closer to the jet centerline resulted in a drop in overall correlation with the far field, presumably due to the influence of the hydrodynamic near field. This drop in correlation, particularly at low frequencies, is apparent in the cross-correlation data for this experiment. Figure 11 shows the maximum peak cross-correlation coefficient for each frequency using the 2.5D array, 5D array, and 10D array. Jet noise source localization using cross-correlation
Starting with 40 kHz (St=1.64) and moving down in frequency, all three arrays follow similar trends of increasing maximum correlation coefficients as frequency decreases; however, the 2.5D and 5D arrays see a leveling off and rapid drop in maximum correlation coefficients at around 7 kHz (St=0.287) and 2.5 kHz (St=0.102) respectively. It should be noted that the frequencies at which significant drops in overall correlation are seen on the 2.5D and 5D arrays align fairly well with the frequencies at which we see the traced source region widen and turn around in Figure 9 as well as the frequencies in the spectra where substantial hydrodynamic components are seen. That the drop in correlation coincides with the frequency of turning in the traced source region between the 2.5D and 5D array and matches the approximate upper frequency boundary of the hydrodynamic near-field contributions at each line array is strong evidence that this change in the estimated source region is directly due to the influence of the hydrodynamic near field.
CONCLUSION
A method has been presented to determine the frequency-dependent apparent acoustic source region of jet noise using band-passed cross-correlation between several near-field line arrays and a far-field arc. The method's effectiveness has been confirmed by comparison with source region estimates obtained from intensity analyses done on the same jet. It has also been shown that the near-field array's proximity to the jet centerline greatly influences locations of the traced source region due to the greater effect of hydrodynamic near-field noise at smaller sideline distances.
